It is known that the dorsal cochlear nucleus and medial geniculate body in the auditory system receive significant inputs from somatosensory and visual-motor sources, but the purpose of such inputs is not totally understood. Moreover, a direct connection of these structures has not been demonstrated, because it is generally accepted that the inferior colliculus is an obligatory relay for all ascending input. In the present study, we have used auditory neurophysiology, double labeling with anterograde tracers, and retrograde tracers to investigate the ascending projections of the cochlear nuclear complex. We demonstrate that the dorsal cochlear nucleus and the small cell cap of the ventral cochlear nucleus have a direct projection to the medial division of the medial geniculate body. These direct projections from the cochlear nucleus complex bypass the inferior colliculus and are widely distributed within the medial division of the medial geniculate, suggesting that the projection is not topographic. As a nonlemniscal auditory pathway that parallels the conventional auditory lemniscal pathway, its functions may be distinct from the perception of sound. Because this pathway links the parts of the auditory system with prominent nonauditory, multimodal inputs, it may form a neural network through which nonauditory sensory and visual-motor systems may modulate auditory information processing.
The multimodal aspects of information processing are a newly emerging aspect of auditory function in the dorsal cochlear nucleus (DCN). Although the DCN is part of the first synaptic station in the auditory pathway, the cochlear nucleus complex (CNC), and receives heavy synaptic inputs from the cochlea, it also receives direct inputs from the somatosensory system (Itoh et al., 1987; Weinberg and Rustioni, 1987; Wright and Ryugo, 1996) , vestibular system (Burian and Gstoettner, 1988) , and pontine inputs (Ohlrogge et al., 2001) . These multimodal inputs may be important for the modulation of DCN activity during movement of the animal, especially during movement of the pinnas (Young et al., 1995; Kanold and Young, 2001) .
Integration of auditory, somatosensory, and visual-motor inputs has also been implicated for other parts of the auditory system. For example, the medial geniculate body (MGB) has long been known to receive somatosensory and visual-motor inputs (Morest, 1965; Jones and Burton, 1974; Oliver and Hall, 1978; Berkley et al., 1980) . Visual-motor, gaze-control structures, such as the superior colliculus (du Lac and Knudsen, 1990; Guitton, 1992; Freedman and Sparks, 1997) , also receive auditory input via the nucleus of the brachium of the inferior colliculus (IC) (King et al., 1998; Doubell et al., 2000) . Somatosensory inputs are also a prominent feature of the lateral, external cortex of the IC (Morest and Oliver, 1984) .
Here we specifically focus on the axonal projections of the multimodal areas of the CNC in experiments that use combined neuroanatomical and neurophysiological methods in the rat. DCN and other CNC axons project directly to the medial division of the MGB (MGM) in a manner that differs remarkably from their previously known projections to the IC. Because the DCN, lateral cortex of the IC, and MGM are all interconnected and involved in multimodal integration, they represent a nonlemniscal auditory pathway whose function is likely distinct from the lemniscal auditory pathways.
A preliminary report has been published previously in abstract form (Malmierca et al., 2002) .
MATERIALS AND METHODS
In this study, 15 rats with injections in the C NC (Table 1) were examined for anterograde labeling of axons. Also, a collection of four rats with horseradish peroxidase (HRP) injections and an additional rat with a biotinylated-dextran amine (BDA) injection in the MGB were examined for retrograde labeling of cells in the C NC. All experiments were performed with methods in keeping with the standards and approval of the University of Salamanca Animal C are Committee and National Institutes of Health animal care guidelines. T wo groups of experiments have been performed: Group 1. We made injections of BDA, fluorescein -dextran (F D), or tetramethylrhodamine -dextran (TRD) into physiologically defined regions of the DC N and ventral cochlear nucleus in the same animals (Table 1) as published previously (Oliver et al., 1997 ). An areflexive, anesthetic state was induced by intramuscular administration of ket-amine (57 mg / kg) and xylazine (8.6 g / kg) and maintained with the same compounds. Animals were held in a stereotaxic frame and monitored by observing respiration rate and reflexes. A craniotomy was performed over the cerebellum, and a part of the lateral and floccular cerebellum was aspirated to expose the C NC.
E xtracellular recordings in response to acoustic stimulation allowed the determination of best frequency (sound frequency to which the neurons respond with the lowest intensity) at the injection sites in the right DC N and right anteroventral cochlear nucleus (AVC N) and posteroventral cochlear nucleus (PVC N). Animals were placed in a doublewall sound attenuation chamber. Earphones in a sealed enclosure were coupled to the ear bars of the stereotaxic frame, and pure tones were delivered by digital stimulus generators under the control of a computer system (Rees et al., 1997) . Recordings were made with glass micropipettes (10 -40 m tips) filled with injection solutions for anterograde transport. One injection electrode contained 10% TRD dissolved in saline; the other electrode contained a mixture of 10% BDA and 10% F D in saline. Once the desired site was found, the dextrans were injected by iontophoresis (2-6 A for 5-24 min).
Seven to 10 d after the injections, the brains were perf usion fixed and prepared for light microscopy. Although under deep surgical anesthesia, the animals were perf used transcardially with a buffered washout solution (2% sucrose in 0.12 M phosphate buffer, pH 7.4, containing 0.05% lidocaine with 0.004% C aC l 2 ) followed by a 4% paraformaldehyde fixative solution. After fixation, decapitation, and dissection, the brain tissue was cryoprotected in 30% sucrose and sectioned in the transverse plane into 35-or 50-m-thick slices on a freezing microtome. Adjacent sections underwent avidin -biotin complex histochemistry for BDA (black reaction) followed by immunohistochemistry with antisera to rhodamine, biotinylated secondary antisera, and avidin -biotin histochemistry (red reaction). Every third or fourth section was used for Nissl counterstain.
Group 2. Iontophoretic injections of HRP were made into the rat MGM (n ϭ 2) and ventral MGB (MGV; n ϭ 2) and revealed as described previously (Merchán et al., 1994) . In an additional case, we made an injection of F D and another injection of TRD in the MGV in the same rat and revealed as described above.
C amera lucida drawings were made with the aid of a drawing tube attached to a Leica (Wetzlar, Germany) DMRB microscope. Photomicrographs were made with an Olympus Optical (Tokyo, Japan) DP10 digital camera.
RESULTS
Our results are based on two different groups of complementary experiments. One group had one or two injections of anterograde tracers in the DCN, AVCN, or PVCN (Table 1) . A second group had injections of the retrograde tracer in the MGB.
Anterograde labeling of the CNC-MGB projection
After injections in the DCN (Fig. 1a) (Table 1) , labeled axons formed a distinct lamina in the contralateral IC (Fig. 1b) . The same injection produced axonal labeling throughout the contralateral MGM in all cases (Figs. 1-4). The labeling formed a continuous rostrocaudal plexus of terminals ( Fig. 2c-f ). Terminal boutons and axonal swellings in passing were found throughout the MGM (Figs. 1c, 2f, 4a) . No labeling was found in the MGV in any of the experiments (Figs. 2-4). In two cases, some terminal fields were observed at the medial edge of the contralateral dorsal MGB, an area that may correspond to the suprageniculate nucleus of the MGB.
Fibers to the MGM followed the dorsal acoustic stria in the tegmentum ventral to the IC, contralateral to the DCN injection. They continued to the MGM with the brachium of the IC, giving collaterals and terminal boutons to its nucleus, where they formed a dorsoventrally oriented band of terminals. In a few cases, there were some labeled axons that terminated in the ipsilateral MGM, where they were discontinuous and patchy along the rostrocaudal axis. No retrogradely labeled neurons were found in the IC contralateral to the injection into the CNC that could account for the labeling seen in the contralateral MGM. When a second tracer was placed in the lateral or medial edges of the PVCN, including the marginal shell or cap area of the same animal on the same side (Table 1) (Fig. 2b) (n ϭ 2), additional labeling was seen in the contralateral MGM (Fig. 2f, asterisk) . If a second tracer was placed in the AVCN of the same animal on the same side ( Fig.  4a ) (n ϭ 3), no labeled axons were found in the MGB (Fig. 4b,c) . In the cases with tracer injections involving very caudal AVCN and PVCN (Table 1) , there may have been some spread into the DCN, so that a projection from these regions could not be confirmed with anterograde tracers.
A fundamental property of the auditory nervous system is its tonotopic organization. Therefore, a key issue is whether the projection from the CNC to the MGM is tonotopic. Regardless of the best frequency of the injections in the CNC, the terminal fields overlapped in the MGM. In those cases in which the two injections had different best frequencies (n ϭ 5) (Figs. 2, 3) , the terminal fields observed in the MGM overlapped (Figs. 2f, 3c ), although two distinct frequency-band laminas were present as expected in the IC (Figs. 2g, 3b, arrows) . Two injections with the same best frequency also resulted in overlapping projections to the MGM, and in these cases, only one frequency-band lamina was present in the IC (n ϭ 2; data not shown). Therefore, we conclude that the CNC-MGM projection is nontopographic, which is consistent with the broad frequency tuning in MGM neurons (Bordi and LeDoux, 1994) .
Retrograde labeling of the CNC-MGM projection
To identify the cell types involved and confirm that the CNC-MGM projection was not caused by retrograde-anterograde labeling from the auditory neocortex (Winer and Larue, 1987; Rouiller and Welker, 1991; Feliciano et al., 1995; Weedman and Ryugo, 1996) , a second group of experiments was performed with injections of HRP in the MGM (n ϭ 2) ( Fig. 5 ) and MGV (n ϭ 2). The distribution of retrogradely labeled cells in the CNC after injections in the MGM (Fig. 5a ) showed labeled neurons in the contralateral DCN in the deep layer (Fig. 5b,c ) or in the pyramidal cell area. Some of these labeled cells were likely pyramidal cells based on their location, shape, and the perikaryal size (Osen, 1969; Blackstad et al., 1984) . Other, more abundant, labeled DCN cells were of the giant type (Fig. 5c ). At the borders of the PVCN, some labeled neurons could be small cells in the marginal shell or cap area. On the ipsilateral side, only a small number of cells (two to three) were found in one case on the PVCN border. In one case, neurons were also observed in the nucleus X, which is related to the vestibular complex (Fig. 5b) . We did not record the best frequency at the injection site in these experiments, but a comparison of the labeled cells with published tonotopic maps in the rat (Ryan et al., 1988; Rouiller et al., 1992) suggests that the projection to the MGM arises from the middle-and highfrequency regions of the DCN. In the two cases with HRP injections into the MGV, no labeled cells were found in any division of the CNC. Likewise, two injections of the MGV in the same animal (best frequencies of 6 and 12-15 kHz, respectively) with FD and TRD produced no labeled cells in any CNC region. However, labeled neurons were found in the IC in two separate laminas, and a few scattered cells were apparent in the nuclei of the lateral lemniscus and superior olivary complex (Aitkin and Phillips, 1984) .
DISCUSSION
Our results unambiguously demonstrate the existence of a CNC-MGM projection. The CNC-MGM projection may parallel the conventional, lemniscal auditory pathway. This nonlemniscal auditory pathway projects directly to the thalamus, may involve multiple levels of the auditory brainstem, including the cortex of the IC, and may facilitate multimodal modulation of the auditory neocortex. It differs from the central acoustic tract of Ramón y Cajal (1902), because he believed that the CNC projected to all divisions of the MGB. It also differs from the central acoustic tract of the bat, whose origin is near the superior olive and whose projections are strictly ipsilateral (Casseday et al., 1989) . The CNC-MGM pathway in the present study is a crossed pathway. It is currently unknown whether a homologous pathway to the central acoustic tract of the bat exists in the rat. The direct CNC-MGM pathway may be found in diverse species. Interestingly, 25 years ago, Strominger et al. (1977) reported the direct CNC-MGM projection in primates after an experiment on a single chimpanzee. There, degenerating axons in the MGB were identified after a lesion in the cochlear nucleus and adjacent medulla. That lesion could have injured axons from structures other than the cochlear nucleus. But the likelihood that this early observation was accurate is further increased by recent observations that the direct CNC-MGM pathway is present in the ferret (B. Schofield and N. Cant, unpublished observations), guinea pig (B. Schofield, personal communication), and gerbil (N. C ant, personal communication), and the by present results. Thus, rodent, carnivore, and primate species may share the same nonlemniscal pathway shown here in rat. The cell types used in the direct CNC-MGM pathway may determine whether the pathway has a common function across species and may provide clues to its function.
Pyramidal and giant cells participate in the direct CNC-MGM pathway, and both have a type IV frequency-response map that allows the detection of spectral notches introduced by the pinnas (Yu and Young, 2000) . These notches provide monaural spectral cues that may be used for the localization of sounds in the vertical plane. Because the neurons in the DCN receive somatosensory input from the dorsal column nuclei and the trigeminal sensory nucleus (Itoh et al., 1987; Young et al., 1995; Shore et al., 2000) , proprioceptive information from the pinnas appears to modulate the activity of these cells during movements of the pinnas (Kanold and Young, 2001 ). The cells of the small cell cap of the CNC also participate in the CNC-MGM projection. These neurons possess a very wide dynamic range, Յ98 dB (Ghoshal and Kim, 1996) , suggesting that the direct CNC-MGM pathway would have an equally broad dynamic range.
The conventional lemniscal pathway (i.e., the auditory pathway used for the perception of sound) may parallel the direct CNC-MGM pathway. The lemniscal pathway originates with bushy and stellate neurons of the AVCN, whose axons project to the superior olivary complex and IC, respectively, and continues to the MGV. Binaural interactions must be a property of the lemniscal pathway, because they first take place in the superior olivary complex. Moreover, frequency discrimination and spectral processing are most likely functions of the lemniscal pathway only, because the nonlemniscal pathway is demonstrated here to lack topographic organization. Other DCN projections to the IC also must be included in the lemniscal pathway, because these projections are highly topographic and easily related to the tonotopic organization of the nucleus (present results) (Oliver, 1985) .
The present results suggest that a nonlemniscal pathway is composed of the DCN, MGM, and lateral cortex and nucleus of the brachium of the IC. The MGM has long been suspected to have a unique role in auditory processing because of multisensory and visual-motor inputs, including spinal cord inputs and the superior colliculus (Wepsic, 1966; Guitton, 1992; Freedman and Sparks, 1997; Shiroyama et al., 1999) . Like the DCN and the MGM, the lateral cortex of the IC also receives somatosensory inputs from the spinal cord and dorsal column nuclei (Morest and Oliver, 1984) . It is tempting to speculate that pinnas and head and eye movements all influence the activity of the nonlemniscal pathway. The nonlemniscal pathway may provide a broad spectral tuning to neurons in the MGM consistent with the convergence of the CNC-MGM pathway shown here. In addition, the nonlemniscal pathway is likely to function over a wide range of intensities, consistent with the present findings of direct small cell cap projections to the MGM.
Information in the lemniscal and nonlemniscal pathways may travel over nearly the same time course. First-spike latencies reported for the IC average 9 -11 msec (ranging from 6.2 to 77 msec) (Rees and Moller, 1983; Palombi and Caspary, 1996) , whereas those for the MGM average 10 msec but can be as short as 7 msec (Bordi and LeDoux, 1994) . A similar range of latencies suggests that lemniscal and nonlemniscal pathways could influence each other and do so more readily than assumed previously.
The lemniscal and nonlemniscal pathways may converge in the auditory neocortex. MGM axons terminate primarily in layers 1 and 6, whereas the MGV terminates in layer 4 (Ryugo and Killackey, 1974; Oliver and Hall, 1978; Herkenham, 1980; Cetas et al., 1999; Linke and Schwegler, 2000; Smith and Spirou, 2002) . Little is known about the functional organization of layer 1, but Cauller and Connors (1992) demonstrated that afferent synapses on most distal dendrites of the pyramidal cortical neurons exert a powerful influence on their firing probability. Background synaptic input may modulate the gain of synaptic inputs to pyramidal cells (Chance et al., 2002) . Thus, activity in the nonlemniscal pathway related to pinnas and head and eye movements may modulate the gain of sound-evoked activity from the lemniscal pathway through distal synaptic input on pyramidal cortical neurons. 
